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Anisotropic electrical resistivity and magnetic susceptibility are measured on single crystals of
Sr142xAxCu24O41 ~A 5 Ca, Y!. This material contains two-leg antiferromagnetic spin ladders that are pro-
gressively doped with hole carriers upon Ca substitution and thus determine the charge-transport properties.
Application of hydrostatic pressure to this system has an effect similar to Ca substitution, increasing the hole
density in the ladders. The resistivity shows remarkable anisotropy, indicative of a one-dimensional electronic
state.@S0163-1829~97!51406-8#

After high-temperature superconductivity was discovered1

in doped two-dimensional~2D! antiferromagnetic~AF! cop-
per oxides, one-dimensional~1D! cuprates with the same
Cu-O bonds have attracted much interest. Particularly, lad-
ders with an even number of coupled Cu-O chains are pre-
dicted to have a finite spin gap reminiscent of that in the
underdoped high-Tc cuprates, and the theoretical works sug-
gest a possibility of superconductivity when doped with
holes.2,3 To understand the electronic state of such quasi-1D
systems the measurements using single crystals are indis-
pensable. We present here the results of electrical resistivity
and magnetic susceptibility measured on single crystals of
the Sr14Cu24O41 system which contains two-leg Cu-O lad-
ders. The anisotropy indicates that the electronic state of this
system is really one-dimensional. The holes are localized in
the chains, another structural unit of Sr14Cu24O41, and are
transferred to ladders upon Ca substitution for Sr, where they
become mobile and would possibly superconduct under
some conditions.4

The experimental studies on the two-leg ladder system so
far have been performed on undoped SrCu2O3 ~Ref. 5! and
doped~La, Sr!CuO2.5.

6 Although the structure of these com-
pounds are simple, they can be synthesized only under high
pressure. To the contrary, Sr142xAxCu24O41 ~A 5 Ca, Y!
can be synthesized under ambient pressure. Because of this,
many studies have recently been done.4,7–13The structure of
Sr14Cu24O41 is not simple. It consists of an alternating stack
of the plane containing two-leg Cu2O3 ladders, and the
plane containing edge-sharing CuO2 chains @shown in the
inset of Fig. 1~a!# sandwiched by Sr layers.14,15The average
valence of Sr14Cu24O41 is 12.25, but the resistivity shows
semiconducting behavior,8–11 suggesting that the hole carri-
ers are not effectively doped into the conducting path. Isova-
lent Ca substitution for Sr remarkably reduces the
resistivity,8–10 although the average Cu valence does not
change. The average valence decreases upon Y substitution,
making the compound more insulating. The compound in
which the valence of Cu in both chain and ladder sites is12,
can also be synthesized as La6Ca8Cu24O41.

15 So far, most
measurements have been performed using polycrystalline
samples, so that they lack the information on the anisotropy
and the contribution from each structural unit is not clear.

In this study, we prepared single crystals with various
compositions, Sr14Cu24O41, Sr142xCaxCu24O41 ~x 5 1, 3,
6, 11!, Sr142xY xCu24O41 ~x 5 1, 3!, and La6Ca8Cu24O41.
They were grown by the traveling-solvent-floating-zone
~TSFZ! method which was successful in growing single
crystals of high-Tc cuprates.

16 The growth was done using an
infrared furnace under oxygen gas at 3–10 atm. Thus ob-
tained single crystals have typically about 4 mm diam and 50
mm length. These single crystals were characterized using an

FIG. 1. ~a! The temperature dependence of the magnetic suscep-
tibility of Sr 14Cu24O41 with magnetic field applied along the three
axes. ~b! The temperature dependence of the susceptibility of
Sr142xCaxCu24O41, Sr142xY xCu24O41 ~dotted curves!, and
La6Ca8Cu24O41 for Hic. The dashed line is the expected Curie
paramagnetism when all spins on the chain Cu sites are free. The
inset shows the Ca content dependence of the number~Nspin) of free
S 5 1/2 spins per chain-Cu estimated from the low-temperature
Curie term.
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x-ray diffractometer and found to be composed of a single
domain. The magnetic susceptibility measurements were
done using a superconducting quantum interference device
~SQUID! dc magnetometer between 2 and 800 K. Above 400
K, we used an oven attachment equipped with the SQUID.
The resistivity measurements were performed by a six-probe
method in order to confirm there were no defects in the
sample. Dots of silver paste were heated as electrodes on the
samples at 300 °C in oxygen. The resistivity measurements
under high pressure were carried out by using a piston cyl-
inder up to 2 GPa.

In Fig. 1~a!, the magnetic susceptibility of Sr14Cu24O41
with magnetic field applied along the three principal axes is
shown. A characteristic feature of the temperature depen-
dence of susceptibility is a broad peak and a subsequent drop
at low temperatures. The susceptibility drop is isotropic, and
can be ascribed to the formation of a gap with magnitude of
about 130 K in the spin excitation spectrum. This spin gap is
considered to be a phenomenon on the CuO2 chains.10,12

Theoretically, the two-leg ladder is expected also to have a
spin gapDSG ; J/2 ~J the exchange interaction between
neighboring Cu in a ladder!.17 In the Cu2O3 ladders,J is
considered to be 1000 K or higher.18 In fact, a large spin gap
of ; 500 K is detected by NMR studies.13 With a spin gap
of ; 500 K in the ladders which is similar in magnitude to
that in SrCu2O3, the expected susceptibility is indicated by
the thin line in Fig. 1. Thus it is reasonable to assume that
spins on the ladders have a minor contribution to the suscep-
tibility.

As shown in Fig. 1~b!, the temperature dependences of
magnetic susceptibility show a significant change upon Ca
and Y substitution. This behavior can be explained by the
change in the Cu valence in the CuO2 chain. In
La6Ca8Cu24O41, the magnetic susceptibility is dominated
by a Curie term, the magnitude of which can quantitatively
be explained if all the chain Cu21 ions haveS 5 1/2 para-
magnetic spins10 @Fig. 1~b!#. Actually, instead of a gap fea-
ture, a feature corresponding to a three-dimensional ordered
state is observed below; 12 K. A similar situation is also
realized in the Y-substituted compounds. In Sr14Cu24O41,
the susceptibility shows a gap feature at low temperatures.
Recent neutron scattering of Sr14Cu24O41 gives evidence for
a dimerized state between spins separated by two and four
times the distance between the nearest-neighbor Cu ions.12

From this, it is speculated that the number of Cu21 and
Cu31 would be nearly equal, and that the spin gap arises
from dimerization of two Cu21 ions separated by nonmag-
netic Cu31 ion~s!, i.e., the alternating Cu21 and Cu31 order
along the chain.10,12 Then, the Cu valence in the chain is
presumably12.5, and consequently the valence of the ladder
Cu is estimated to be; 12.07.

With increasing Ca, the gap feature becomes gradually
smeared because of a progressive development of a Curie
term at low temperatures. This Curie term is considered to be
due to the free spins not participating in the dimerized state
forming Cu21-Cu31 ordering. The estimated number of free
spins is shown in the inset of Fig. 1~b! as a function of Ca
contentx. The development of a Curie term is explained by
the deviation of the chain-Cu valence from12.5 due to a
redistribution of holes between chains and ladders upon Ca
substitution. This scenario is in contrast to that proposed by

Carteret al., who assumed that the Cu valence in the chain
does not change with Ca substitution, and that the ladders
remain undoped.10

In Fig. 2, lnr vs 1/T plots are shown for the resistivity
along thec ~parallel to the ladders within the ladder planes!
and a axis ~perpendicular to the ladders within the ladder
planes!. All the compounds except for Sr3Ca11Cu24O41
show a rapid increase in resistivity upon cooling. The value
of a-axis resistivity (ra) is by one to two orders of magni-
tude larger than thec-axis resistivity (rc). The anisotropic
ratio,ra/rc , is not strongly dependent onx. While the resis-
tivity becomes larger and the compound becomes more in-
sulating for Y substitution, the Ca substitution makes the
compound more conductive.

One should note that Sr14Cu24O41 is not highly insulating
as compared with the Y-substituted compounds, suggesting
that Sr14Cu24O41 is slightly doped with carriers. In fact, the
reflectivity spectrum withc-axis polarization shows a plasma
edge at; 0.6 eV, whereas the spectrum of Sr11Y3Cu24O41 is
typical of an insulator.19 The plasma edge at such low energy
arises from charge carriers with low density~probably less
than 0.1 per Cu!. Remembering the discussion on the suscep-
tibility data, the carriers with such low density are assigned
to the holes in the ladders. The study of optical conductivity
spectrum has revealed that the holes are transferred from
chains to ladders upon Ca substitution.19 From the conduc-
tivity sum ~spectral weight! transferred hole densityd ~per
ladder-Cu! has been estimated at eachx. d increases from
0.07 at x 5 0 to 0.20 atx 5 11. At the expense of the
increases in ladder holes, the chain-hole densityd8, which is
assumed to bed8 ; 0.5 ~per chain-Cu! at x 5 0, decreases
to d8 ; 0.32 atx 5 11. The decrease ind8 with x exactly
follows thex dependence ofNspin shown in the inset of Fig.
1~b!.

As regards the electronic anisotropy of
Sr3Ca11Cu24O41, a contrasting behavior is seen in
the resistivity. The T dependences of resistivity for
Sr3Ca11Cu24O41 are shown in Fig. 3 in all three directions.
ra , i.e., interladder resistivity, is by 15 to 40 times higher
than rc and the resistivity in theb direction (rb) ~perpen-
dicular to the ladder planes! is higher thanra by two orders.
Although at low temperatures, below; 50 K, the resistivity
goes up in any direction, a metallic behavior characterized
by nearlyT-linear dependence is seen inrc above 80 K. The
T dependence ofra is anomalous in thatdra/dT is negative

FIG. 2. The Arrhenius plots of the resistivity for
Sr142xCaxCu24O41 and Sr13YCu24O41 along thec anda axis~solid
and dashed curves, respectively!.
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~i.e., insulating! in the temperature range wheredrc/dT is
positive ~metallic!.20 Such a contrastingT dependence be-
tweenrc andra is analogous to that observed between the
in-plane (rab) and out-of-plane (rc) resistivity in the under-
doped high-Tc cuprates.21 Extending the discussion by
Anderson and Zou22 to the present case, theT dependence of
ra gives evidence that the electronic state in the present sys-
tem is one-dimensional, that is, holes are confined within
ladders. In the case of underdoped high-Tc cuprates, the con-
finement of the carriers within the Cu-O planes appears to be
related to the presence of a spin gap.23 The presence of a spin
gap in the ladders is confirmed for Sr14Cu24O41 by NMR
measurements,24,25but the gap width seems to rapidly shrink
with increase of Ca content. In the hole-doped ladders the
spin gap is related to the formation of a hole pair~or a bipo-
laron! between two holes on the same rung.26 The hole pairs
are presumably unable to hop between ladders, and a finite
energy is necessary for the holes to hop by breaking the
pairs.

As a sign of superconductivity has been reported on the
compound withx 5 13.6 under high pressure of about 3
GPa,4 it is interesting to see the effect of pressure on the
resistivity and its anisotropy. TheT dependences ofrc and
ra for the x 5 11 crystal are shown in Fig. 4 at ambient
pressure and at 2 GPa. The pressure effect is not large but a
significant change is seen in the metallic region ofrc . rc
decreases by; 20% atT 5 300 K under 2 GPa, but it is
nearly pressure independent atT ; 100 K whererc shows a
minimum. This implies that the slope ofrc-T characteristics
decreases with pressure which results, if not all, from an
increase in the ladder hole density. Plausibly, the pressure
would have a similar effect to the Ca substitution which
corresponds to an application of chemical pressure because
of the smaller ionic radius of Ca. At low temperaturesrc

becomes insensitive to pressure. The residual resistivity
(;400 mV cm) is fairly large which may be a reason for
carrier localization as discussed below.

The T dependence of the interladder resistivityra is not
essentially changed under pressure. TheT coefficient ofra
remains negative over theT range below 300 K but the mag-
nitude of ra decreases by about 20% at 2 GPa, nearly the
same as that ofrc at T 5 300 K. The anisotropic ratiora/
rc at 2 GPa is nearly the same as that at ambient pressure. In
this respect, the pressure never changes the electronic state of
the hole-doped ladders.

Finally, we discuss the nature of localization of carriers
based on the result on thex 5 11 crystal. A ‘‘classical’’
Mott-Ioffe-Regel criterion for metallic conductivity is given
by

r*;~h/e2!~p/c!ab;0.9 mV cm ~1!

for a quasi-1D electric system with an open Fermi surface
along thec axis. Here,a, b, andc are the spacing between
neighboring ladders, the spacing between the ladder plane,
and the lattice constant along the ladder, respectively. The
value of rc;0.4 mV cm, for x 5 11 is well below r* .
Nevertheless, the carriers are localized at low temperatures.

A possible resolution for this controversy is to suppose
that the ladder plane~ac plane! is an anisotropic 2D system
for a single hole. In this case the Mott-Ioffe-Regel criterion
is

r2D* ;~h/e2!b;1.7 mV cm. ~2!

The observed values of rc and ra yield
Ararc;2.5 mV cm.r2D* consistent with the observed lo-
calization. An alternative resolution is to assume that the
holes form pairs within a ladder and the hole pairs are local-

FIG. 3. The temperature dependence of the resistivity for the
most conductive compound, Sr3Ca11Cu24O41 along the three prin-
cipal axes. Thec- and a-axis resistivity are shown in the lower
panel on the linear scale.

FIG. 4. The temperature dependence of the resistivity under 0–2
GPa for Sr3Ca11Cu24O41 along the~a! c and ~b! a axis.
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ized. In this casee should be replaced by 2e in r* , yielding
r*;0.2 mV cm well below the observedrc . At present it
is not certain whetherrc ~or Ararc) becomes smaller than
r* ~or r2D* ), when we increase the Ca content tox 5 13.6
and apply pressure up to 3 GPa, the conditions Ueharaet al.
reported for superconducting transition atT c ; 12 K.4 From
the present result together with the result of the optical
experiment,19 we can estimate the hole density in the ladders
asd;0.3 for x 5 13.6 at 3 GPa.

In summary, we have presented the data of anisotropic
electric resistivity and magnetic susceptibility of single crys-
tals of the Sr14Cu24O41 system. The two-leg Cu2O3 ladders
contained in this material are progressively doped with holes
upon Ca substitution and upon applying hydrostatic pressure.
The electric properties are thus determined by the hole-

doped ladders, whereas the magnetic properties are domi-
nated by the contribution from CuO2 chains which also have
a role as a charge reservoir.

A remarkable anisotropy in resistivity gives evidence for
one-dimensional charge transport in the ladders. The one-
dimensionality is not essentially changed by applied pres-
sure.
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